Necessary and sufficient conditions for existence of steady states are derived from a mathematical model of fluid catalytic cracker (FCC), and sufficient conditions for stable steady states are determined from the Hurwitz stability criterion by using a linearized FCCmodel. Based on the graphical analysis of these conditions in a three-dimensional coordinate, a criterion for stability and multiplicity of steady states is developed. By applying the criterion to three kinds of chemical reaction types in the FCC, the stability of steady states can be successfully predicted under various operating conditions. modeled an FCC by four ordinary differential equations describing the coke and heat balances in reactor and regenerator, and it was found by using a linearization and eigenvalue study that the FCChas multiple steady states and is unstable within the region of practical operations. On the other hand, Lee and Kugelman4)found a unique and stable steady state by an eigenvalue study in the case of low oxygen concentration at the regenerator exit. The existence of multiple steady states in the FCCwas also reported by Elnashaie and El-Hennawi2), who obtained the number of steady states from the intersections of heat generation and heat removal functions at the steady states. The authors8} previously found that stability is influenced by changes in the coke forming and burning rates with temperature, according to an eigenvalue study.
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Necessary and Sufficient Conditions for Existence of Steady States
Let us consider the FCCunit consisting of a backmixing fluid reactor and a backmixing fluid regenerator3>6).
In the reactor, catalyst is deactivated by coke formed by cracking of feedstock and the reaction is endothermic, while in the regenerator the deactivated catalyst is regenerated to low coke level with air and the reaction is exothermic.
The coke and heat balances in the FCC are given by the following four ordinary differential equations8 }. Cokebalance in the reactor:
Coke balance in the regenerator :
Heat balance in the reactor:
Heat balance in the regenerator :
where Rl9 R2, Qi and Q2 are generally expressed by functions of the concentrations of gaseous com- Whena steady state exists, the time derivative terms in Eqs. (1) to (4) vanish. Substituting Eq. (1) into Eq.
(2), we obtain
By eliminating T2 from Eqs. (3) and (4), we obtain {Q>+(1+J&)Q>}=*T>-*
where rj denotes the heat of coke combustion, and UF^+F^+M^)
/32=7^-(^cglr;+F2cg,2r°+flJ7^lC"2 r;) (8) The value of (l+F2Cp2/FcCpw)Q1 in Eq. (6) is negligibly smaller than that of Q26'8\ and then Eq. (6) reduces to Qt/F^fr K -fc (9) By using the heat of coke combustion, 57, the heat of coke-burning, Q2/Fc may be written as
Further, by eliminating 7i from Eqs. (3) and (4), and rearranging it together with Eqs. (5), (9) 
the superscript "A" denotes deviation from steady state, and A is the matrix of the linear terms in Eqs.
(1) to (4 In the regenerator, on the other hand, the regeneration model2) : Coke-»CO2 was employed because the kinetics of coke-burning rates in the literature2>4'9'13) were close to each other. For these chemical reaction types in Fig. 1 , the coke-forming and burning rates based on the two-phase theory of fluidized bed10) are summarized in Table 1 . The detailed derivations are given in Appendix 2. Table 2 shows examples of operating conditions in several FCC, along with several dependent variables such as ft defined by Eq. (7) and oxygen concentration at the regenerator exit, C02. In industrial FCC1>5'14), the values offt lie in the range of 8X 10"6 to 32 x 10"6 kg-coke/(kg à"K), but an exceptionally high value of ft has been reported by Elnashaie and ElHennawi2 
If each of the three functions is graphically illustrated as a plane in y-^-T^coordinates, the number of steady states will be calculated from the points of intersection of the three planes, and the stability will be estimated from the slopes of the three planes as compared with Eq. (17). A graphical sketch of Eq. (18) is illustrated as a plane in Fig. 2 , where the slope, dy/3Tu corresponds to the value of ft. Figure 3 illustrates the sketches of Eq. (19) for the three types ofFig. 1. Functiony of Type 1 is always concave downwardfor the Ti-axis at any operating 2= -VGkGn2{rcCo^,c +reCo2,e) where y1} y2,^3> vg=coefficients, Q,., =mean concentration of component i in axial direction of fluidized bed (j=c, e) suffixes : c=bubble phase, e-dense phase10) condition when AEX=10,000 J/mol, whereas when AEi=15,000 J/mol, it becomes convex downward.
For Type 2, function y increases with increasing 7i and is convex downwardat any operating condition. Function y of Type 3 is reduced monotonically for the «i-axis, while for the 7Vaxis it shows a sigmoidal shape over a wide range of operating conditions. Figure 4 shows a sketch of Eq. (20). Though Eq.
(20) is a function of n2 and T29 it can be transformed into a function of«x and Tx by using Eqs. (21) and (22), which are derived from the partial derivatives of the steady-state forms of Eqs. (1) and (3) At any operating condition, function y always increases with increasing nl9 while with increasing 7i, it shows a monotonically increasing shape having three points of inflection. Whenexamining the relation between the values of -62{dR2jdT^) and C02 in the regenerator for various operating conditions, it was found that when C02 is less than about 0.3 vol % or greater than about 20 vol %, the value of -O^dRjdT,) is smaller than 13 x 10"6 kg-coke/(kg-K), which is the average value of /3i in industrial FCC.
3. 3 Graphical analysis Figure 5 illustrates the graphical analysis for Type 1, where steps 1 to 3 show the following procedures.
Step 1: intersection of the plane of Step 2: intersection of the plane of Step 3: overlapping of the two lines obtained by steps 1 and 2, respectively. In step 1, the dotted line AB is the intersection for AEi=10,000J/mol.
When comparing the slope of 
For the solid lines, the sign of the unequality of Eq.
(24) is reversed.
Step 3 shows the overlapping of the two lines AB and A'C'B' obtained by steps 1 and 2, respectively. A unique steady state exists for each of the two different activation energies. Comparisonof the conditions of Eqs. (23) and (24) with the sufficient conditions for stable steady states given by Eq. (17) shows that the point obtained from the two dotted lines is stable and that the other cases are unstable. In the case ofAE^= 10,000 J/mol, if the value of COz is small the unique steady state is stable because Eq. (24) is satisfied for CO2<0.3 vol% as described previously. This agrees with Lee's result4). Figure 6 shows the procedure of step 3 based on Types 2 and 3. The curve ABis theintersection of the planes given in Figs. 2 and 3 . On the other hand, the curves A'B'C and A'D'E'C'B' are the intersections of the planes given in Figs. 2 rates of reaction heat in reactor and regenerator, respectively Rl9 R2 = coke-forming and burning rates, [J/s] respectively [kg-coke/(kg-cat à" s)] T2 = temperatures of reactor and regenerator, respectively TQ2 = feed temperature of feedstock and air, respectively = process time W2 = weights of catalyst in reactor and regenerator, respectively
